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Abstract
We investigated how visual noise in the initial estimate of target location aVects precision for rapid pointing. Visual localization
thresholds (an error measure) rise systematically with eccentricity, doubling at eccentricities of a degree or less. Previous work, which we
conWrmed, has shown that the precision of pointing, measured by the standard deviation, to a single isolated target is relatively constant
over small lateral extents near the midline, and that pointing error is substantially larger than visual error. We used target uncertainty
(randomly chosen locations) to greatly increase visual noise so that we could explore the inXuence of visual noise on pointing error. We
compared precision for comparable visual and pointing tasks as a function of target eccentricity. The target was presented for 110 ms at
one of eight isoeccentric locations, chosen at random. Under these conditions, pointing error increased signiWcantly with increasing target
eccentricity. Beyond 4° eccentricity, visual thresholds and pointing error were identical. Even when the target remained visible until the
movement was completed, initial target eccentricity aVected pointing error. The quality of visual information varies with task demands,
and therefore so does its inXuence on endpoint precision. Our results demonstrate that the initial visual information about target location
can limit endpoint precision, even over as small a range as 12° in the central visual Weld (a lateral extent of §8.5 cm at the midline).
© 2006 Elsevier Ltd. All rights reserved.
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Hand movements are known to be more accurate under
visual guidance. Vision enhances manual accuracy because
it can provide critical information during two stages of a
hand movement. First, vision can oVer the best estimate of
the 3D location of a targeted object, which is then used to
formulate a plan for the movement. Second, visual feed-
back can be used continuously to keep the hand on the
planned trajectory and to correct the movement if it
becomes evident that the hand will miss the target. In the
present study, we will focus primarily on the visual contri-
bution to the Wrst planning stage.
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doi:10.1016/j.visres.2006.08.009Contemporary models of hand movements employ a
forward control model equipped with Kalman Wlters to
generate an internal model that represents the planned
movement. This internal model is constructed using a
weighted combination of independent estimates of sen-
sory information about the location of the target, and the
state of the motor system both before and during the
movement (e.g. Sober & Sabes, 2003; van Beers, Baraduc,
& Wolpert, 2002; Wolpert, Ghahramani, & Jordan, 1995).
Current information about the position of the hand and
the target (represented as probability distributions by
Kalman Wlters) is used to estimate the probability of
future states. Online correction is accomplished by com-
paring sensory feedback with the internal model of the
movement—when a discrepancy is noted between the two,
the motor system can correct the ongoing movement to
bring the two into agreement.
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necessarily incorporated into the probability distributions
utilized in these forward control models (Kording & Wol-
pert, 2004), visual error is thought to play a small role in
determining motor performance (Baddeley, Ingram, &
Miall, 2003)—and for good reasons. For one thing, observ-
ers can localize visual targets with exquisite precision (Bur-
beck & Yap, 1990; Levi, Klein, & Yap, 1988; McKee,
Welch, Taylor, & Bowne, 1990). In most psychophysical
studies on visual localization, observers judge the relative
distance separating a pair of targets; the separation is var-
ied parametrically and thresholds typically amount to 2–
3% of the separation. Visual thresholds for localizing tar-
gets in the fovea amount to seconds of arc. Even targets
separated by 10° can be localized visually to a precision of
0.2–0.3°, which is signiWcantly better than the error in
pointing movements for small extents (McIntyre, Stratta, &
Lacquaniti, 1998). Of more importance, given abundant
time, observers can foveate the targeted object and correct
the movement to bring Wngers or tools to locations with a
precision that rivals the visual precision, making such
human activities as surgery, painting or needlework possi-
ble.
However, observers do not always have the luxury of
unlimited time to complete a movement. Rapid pointing
and reaching movements are often completed in 500 ms or
less, leaving little time for graded adjustments in the move-
ment trajectory. Moreover, some of these movements are
initiated or completed while the observer is looking else-
where, e.g. changing stations on a car radio. In these cir-
cumstances, the precision of visual information available
during the planning stage may have substantial inXuence
on the precision of rapid pointing.
Accuracy and precision are used interchangeably in
common parlance, but they have diVerent meanings in a
scientiWc context (Bevington, 1969). Accuracy refers to the
absence of bias, and is therefore an estimate of systematic
error in a measurement. Precision refers to the variability,
i.e., the random error, in a measurement. In most studies of
hand movements, accuracy, measured as the mean end-
point or the trajectory of the arm over time, is used to esti-
mate the quality of performance. If visual feedback is
available, inaccurate reaches or points are corrected within
a few trials (e.g. Jakobson & Goodale, 1989). Precision,
however, is undoubtedly limited by internal sources of
noise that cannot be eliminated (McIntyre et al., 1998).
Note that the precision of pointing may not be limited
solely by motor noise, e.g. muscular coordination or guid-
ance errors. To keep these sources of motor noise reason-
ably constant, we designed a simple task. Subjects were
required to point rapidly to a target that appeared within
an area approximately 24° in diameter (about 17 cm) at a
distance of 40 cm from the body.
If the sensory information is very imprecise, the preci-
sion of hand movements could be limited by sensory noise.
To determine the conditions where motor noise is swamped
by visual noise, we will measure visual localization thresh-olds and endpoint precision for rapid pointing in compara-
ble tasks. In particular, we will vary the eccentricity of
brieXy presented targets and ask observers to point quickly
to the site of a previously visible target. The precision of
visual localization falls oV with eccentricity (Levi & Klein,
1990; Levi et al., 1988; McKee et al., 1990), but for the small
extents used here (§8.5 cm or half the length of a standard
keyboard), motor precision should be constant (Prablanc,
Echallier, Komilis, & Jeannerod, 1979a, 1979b). This disso-
ciation between the eVects of eccentricity on visual and
motor error will allow us to determine which source of
error controls motor performance.
In the Wrst experiment, the target, presented for 110 ms at
a single location, will disappear before the observer can sac-
cade to the target. Thus, observers will have to complete the
movement without a visible target, and will necessarily rely
on the visual information available during the planning
phase for target localization. In the second experiment, we
will measure visual and motor precision under more uncer-
tain, and perhaps more realistic, conditions; the brieXy pre-
sented target will appear at one of eight possible isoeccentric
locations chosen at random. Finally, in the third experiment,
we will explore whether initial visual error can inXuence the
precision of rapid pointing even when the target remains vis-
ible until movement is completed.
2. Methods
2.1. Observers
Three experienced observers participated in all three experiments. One
was naïve to the purposes of the experiment (S3); the other two were not
(S1 and S2). All observers had normal or corrected to normal visual acu-
ity, measured using the Snellen acuity chart.
2.2. Stimuli and apparatus
Stimuli were presented on a 17 in. touchscreen (ELO Touch Systems,
Elo Entuitive Systems). This is a standard CRT, overlaid with a touch-sen-
sitive layer. Pressure from the Wngertip triggered a program that calculated
the x, y position of the Wnger. The sensitivity of this information was tested
by measuring the variability of the response to a regular artiWcial surface
(an unused pencil eraser) touched with care to the same position. The error
associated with this response was less than 0.1° in the x and y direction,
and well within the error associated with a Wnger press. The experiment
was conducted using custom written software from Matlab (Mathworks),
using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997).
All experiments were conducted in a semi dark room. The touchscreen
was placed on a table draped in black, non-reXective cloth. The overhead
lights in the room were always switched oV during testing. Therefore, the
only light in the room came from the monitor. Because of this light, the
edge of the monitor was visible.
The target was a high contrast (60%) dot that subtended 0.5° at a view-
ing distance of 40 cm. This was a comfortable reaching distance for all
observers. Before participating in the experiment, observers were trained
on rapid pointing, to ensure that they were comfortable with the task and
the time constraints.
2.3. Procedure—pointing task
In the Wrst experiment, the target was presented at one location, to the
right of the Wxation point, in a given test block; target eccentricity was
A. Ma-Wyatt, S.P. McKee / Vision Research 46 (2006) 4675–4683 4677varied parametrically in separate blocks. The target was therefore always
presented to the right of Wxation. In the second and third experiments, the
target could appear, within a given test block, at one of nine locations with
equal probability (see Fig. 2b). These nine locations consisted of eight
locations equidistant around the circle, i.e. isoeccentric locations, and one
in the centre at Wxation. The radius of the circle was equal to the eccentric-
ity of the target. On each trial, the program selected one location at ran-
dom from the nine. In experiments 1 and 2, the target duration was 110 ms.
Under these conditions, the target had disappeared before the subject
touched the screen. The duration was also too short for the observer to be
able to make a foveating saccade before the target disappeared. For exper-
iment 3, the target was presented until observers touched the screen. As
soon as the touchpoint was registered, the dot disappeared. The time from
the initial key press until the point was registered was typically »450 ms.
Instructions were identical for each experiment. Observers were seated
40 cm away from a touchscreen. A keyboard was placed in front of the
observer, always in the same location relative to the observer and screen.
The observer Wxated the central Wxation point, and then pressed a key on
the keyboard to initiate a trial. The key pressed was the ‘1’ key on the right
hand number pad of a standard Apple keyboard—that is, on the right
hand side of the keyboard. The start position was therefore at the natural
resting position of the right hand in front (and to the right) of the
observer’s body. The distance from this point to the target on the screen
was t40 cm. The position of the hand was visible in the observer’s right
periphery. The target was immediately presented and the observer’s task
was to point to the target as soon as they could. Fig. 1 contains a sche-
matic representation of the experimental set up, and of one trial for each
target duration.
Endpoints were registered by the touchscreen. Negative auditory feed-
back was given for points that were too slow or too spatially inaccurate, but
all points were included for analysis. The radius of the circle was the eccen-
tricity for that block of trials. We tested targets at eccentricities of 2°, 4°, 8°
and 12°. Trials were blocked by target eccentricity. For each trial, one loca-
tion was selected and a small positional jitter added. The size of the jitter was
randomly generated on each trial and ranged from 0.04° to 1°. We added the
positional jitter to ensure that observers were not remembering the locations,
but using the visual information available on each trial. To check that all
pointing movements were under visual control, we presented a single target
once for 110 ms, and then asked the observer to point repeatedly (25 times)
to this location with no additional target presentations during the repeated
pointing. The motor error in this control experiment was much larger than
the error observed for any of our experimental conditions.
Pointing and visual experiments were interleaved in blocks for any
given testing session. Data were collected over a period of several days.
2.4. Procedure—visual task
To place her Wnger on the spot previously occupied by target, the
observer has to judge the location of the dot within the sparse frameworkprovided by the edges of the screen and the previously visible Wxation spot.
The hand is necessarily guided by the memory of the target location, since
the target has disappeared long before the hand reaches the screen. To
make the comparison between visual and pointing error meaningful, we
used a visual discrimination task with nearly identical task demands. Most
visual localization tasks require observers to judge the width or separation
between a pair of simultaneously visible targets. However, White, Levi,
and Aitsebaomo (1992) designed a visual task in which the observer
judged the relative separation (distance) between a target line and a Wxa-
tion line presented asynchronously; the target line appeared at a paramet-
rically varied time (up to 1600 ms) after the Wxation line disappeared. On
each trial, the target line could appear in one of Wve possible locations and
the observer was asked to judge whether the location was nearer or farther
than the mean distance separating the target and the previously visible
Wxation line. In short, the observer was judging the location of an isolated
line against the remembered location, or distance to, the Wxation point.
White et al. (1992) compared the visual thresholds obtained with this para-
digm to saccadic localization error. Thus, we chose to use this paradigm
for comparing visual thresholds to pointing errors.
In experiment 1, we presented the target at a single location (§ the
incremental change) at a Wxed eccentricity on each trial. In experiments 2
and 3, the target was presented at one of eight diVerent locations (see
Fig. 2), identical to the procedure used for the pointing tasks. In experi-
ments 1 and 2, the target duration was 110 ms. For experiment 3, the target
was presented until the observer touched the screen (»450 ms).
Instructions were identical for all three experiments. Observers were
asked to Wxate a central Wxation point and press a key to initiate a trial.
The Wxation dot immediately disappeared and after a short pause (25 ms)
the target dot was presented at an eccentric location. No additional posi-
tional jitter was added to these test positions. One observer had extensive
Fig. 2. Left: positional error was measured along a radius through each
location as indicated by arrows. Right: for the visual task, visual judg-
ments of position were measured at each of these eight locations, using the
method of single stimuli, illustrated for one position. Error was again
measured at each position and then pooled across locations for each
observer separately. The circles are drawn for illustrative purposes only.
In experiment 1, the target was presented at one location only, the right
horizontal position.Fig. 1. (a) Schematic representation of the experimental setup. The observer is seated 40 cm away from the monitor, with a keyboard in front of them. To
initiate a trial, the observer pressed a key on the keyboard, as indicated by the position of the hand (left). The range of tested points is represented dia-
grammatically by the arrow (right). (b) Diagram of one trial. In the short target duration (left), the target remains on for only 110 ms and the observer
points to a blank screen. In the long target duration condition (right), the target remains on the screen until the observer touches the screen. Note that the
target location in these diagrams represents one of eight possible isoeccentric locations used in experiment 2. In experiment 1, the target was always pre-
sented along the horizontal direction to the right of the Wxation point.
a b
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not. These two observers required a period of training at the task before
consistent and stable data were taken.
As for the pointing task, trials were blocked by eccentricity and target
duration. Five positions—one standard, two further and two closer—
around each location were presented to the observer over the course of a
block (see Fig. 2). In each block of trials, we always presented the target in
the same position, at the same eccentricity. The target was presented at
diVerent eccentricities in diVerent blocks.
Observers were asked to judge whether the dot was further from or
closer to the previously visible Wxation point, e.g. whether the distance was
larger or smaller than the mean radius of the circle shown diagrammati-
cally in Fig. 2; the circle was not present in the experiments. They were
given auditory feedback for incorrect responses.
2.5. Calculating pointing error
For all three experiments, we used the same method to calculate point-
ing error. For each location around the circle, the distance between the
touched location and the target location was calculated for each trial.
Observers completed at least 100 trials at each eccentricity. We measured
the pointing error only along the radius at these eight locations in order to
have a measure that was a direct analogue of the measurement made in the
visual task (see Fig. 2). We then gave that distance a sign, depending on
whether the point was closer or further away from the target. This ensured
that the error measurement was sensitive to variability in direction along
the given axis. The data was analyzed for each subject separately; it was
not pooled across subjects.
Each of these error measures was then pooled into a population for
each eccentricity. Precision for a given eccentricity was taken as the stan-
dard deviation of this population. Because we had collected more than 100
trials for each condition, it was appropriate to assume that the population
was normal and that the standard deviation was a sound estimate of popu-
lation variance.
2.6. Calculating visual error
For all three experiments, we used the same method to calculate visual
error. We collated the number of trials to which the observer had reported
‘farther’ for each location, and at each position. We then pooled data
across all eight locations at each eccentricity. This gave a single function of
proportion judged farther, for each eccentricity. We Wtted a cumulative
normal function to the data using probit analysis. Threshold was taken to
be a d’ of 1, that is, one standard deviation of the cumulative normal, a cri-
terion equivalent to the standard deviation measure used as an estimate of
hand precision.
2.7. Statistical analysis
A completely repeated measures design was used for all experiments—
each observer participated in every condition. We used the mean errormeasurement for each block as a single measure in the analysis. This
meant that for each observer, there were Wve measurements (the means of
the Wve blocks) in each cell. We conducted individual analyses to deter-
mine if visual precision signiWcantly inXuences pointing precision and ana-
lyzed data from diVerent target durations separately. We conducted two-
way repeated measures ANOVAs on each observer’s data set, and then
conducted post hoc pairwise comparisons using Tukey’s (HSD) test on
signiWcant main eVects. We have summarized the Wndings in Section 3.
3. Results
3.1. Pointing at a single location
In experiment 1, the target was presented in the same
location throughout a block of trials at a given eccentricity.
Trials were blocked by target eccentricity. The results show
that across this range of eccentricities, pointing precision
was constant, but visual precision decreased with increasing
eccentricity (Fig. 3).
The repeated measures ANOVA, done separately for
each observer, showed that the main eVect of target eccen-
tricity was signiWcant for two out of three observers
(p < .05), and the main eVect of target modality (vision ver-
sus pointing) was signiWcant for all observers (p < .001).
There was a signiWcant interaction for all three observers
(p < .05). We used the Tukey (HSD) test to conduct post
hoc pairwise comparisons on each observer’s data. We
chose the Tukey (HSD) test because it controls for family-
wise Type I error rates by taking into account the number
of simple pairwise comparisons possible within a group of
means when calculating the critical t-value used to deter-
mine a statistically signiWcant diVerence between means
(Keppel & Zedeck, 1989). We conducted pairwise compari-
sons between the means for pointing precision at 2° and
12°. For all observers, there was no signiWcant diVerence
between means.
The results of the statistical analysis therefore conWrm
what is apparent in the graphs. When a target is presented
at a known location, visual error rises with eccentricity
while motor error is essentially constant across eccentrici-
ties. These results are consistent with previous studies on
pointing and visual error. As Prablanc et al. (1979a, 1979b)
found, the precision of pointing is unaVected by the small
extents used in our study—12° eccentricity corresponds to
an extent of 8.5 cm at a reaching distance of 40 cm. TheFig. 3. Experiment 1: precision for pointing and vision for a target presented for 110 ms at a single location, plotted as a function of initial target eccentric-
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tricity) is comparable to the Wndings of White et al. (1992)
for judging the location of an isolated point presented in a
single eccentric location.
3.2. Pointing when target location is uncertain
From the results of experiment 1, one might reasonably
conclude that visual error does not limit the precision of
pointing for locations near the midline. But the task is fairly
simple—pointing repeatedly to a single location. In a more
natural environment, targets will not generally appear at
the same location repeatedly. How does uncertainty about
location aVect visual and motor error?
In experiment 2, we measured the precision of a rapid
point when the target location was chosen at random from
a set of nine with equal probability. We analyzed data from
the eight isoeccentric locations, leaving aside points made
to the central Wxation point. As in the previous experiment,
the target was presented for 110 ms. In contrast to the
results from experiment 1, pointing precision now decreases
with increasing target eccentricity (Fig. 4). For each
observer, the two-way repeated measures ANOVA showed
a signiWcant eVect of target eccentricity (p < .05) and a sig-
niWcant interaction between eccentricity and target modal-
ity (p < .05).
We tested whether the mean vision and mean touch pre-
cision measures were signiWcantly diVerent from each other
at each target eccentricity, again using Tukey’s (HSD) test.
At target eccentricities of 2°, means were signiWcantly
diVerent from each other for all observers but at 8° and 12°,
there was no signiWcant diVerence between means for any
observer. We also conducted post hoc comparisons to test
whether pointing precision at 12° was signiWcantly diVerent
from that at 2°. For all observers, there was signiWcant
diVerence for the eight-position condition, and no signiW-
cant diVerence for the one position condition. These results
conWrm what is apparent in the graphs—the precision of
pointing decreases with eccentricity when there is uncer-
tainty about target location.
The observer reached from the keyboard in front of
them (see Fig. 1) to the screen so although all target loca-
tions were equidistant from the central Wxation point, there
was a small amplitude diVerence in the movement requiredfor each target location. A large increase in amplitude of a
movement can increase endpoint variability (e.g. Harris &
Wolpert, 1998; Prablanc et al., 1979a, 1979b). We speciW-
cally chose a small range of pointing distances in an eVort
to keep motor error constant across the range of eccentrici-
ties. Our stimuli were maximally 12° from midline, less than
half that of Prablanc et al. (1979a, 1979b). Although the
amplitudes involved in our experiments were signiWcantly
smaller we conducted a control experiment to test whether
precision was signiWcantly aVected by target location. We
collected extra data on one observer for targets at an eccen-
tricity of 12°, using the same paradigm as described above.
We then conducted a one-way ANOVA on the data, and
found that there was no signiWcant eVect for target location
(F7,32 D 2.2; p > .05). We also conducted a control experi-
ment in which observers were required to point to a target
8° and 12° to the left and right of midline—the greatest
extent possible in the current study’s experimental condi-
tions. We conducted a repeated measures ANOVA on the
precision measures to test whether side of presentation sig-
niWcantly aVected precision. There was no signiWcant main
eVect of side of presentation (F1,8 D 0.01, p D .9). The small
amplitude diVerence introduced by pointing to diVerent iso-
eccentric locations did not signiWcantly aVect endpoint pre-
cision.
The statistical analyses show that pointing error rises
with eccentricity, across the same range for which it was
constant in experiment 1. This is clearly evident in Fig. 5
(top row)—pointing remains constant across 12° if the tar-
get appears in one location, while it rises with increasing
target eccentricity when the target location is uncertain. In
fact, pointing error has increased by a factor of 1.7 as eccen-
tricity increased from 2° to 12°. What accounts for this
increase in pointing error with eccentricity? The answer
becomes obvious when we examine the visual thresholds in
experiments 1 and 2. The uncertainty about target location
has increased visual thresholds by about 50% in experiment
2 (see Fig. 5). Thus, when visual error exceeds motor error
as in the second experiment, visual error limits motor per-
formance.
Taken together, the results of the Wrst two experiments
also show that the intrinsic motor error for rapid pointing
is constant, and amounts to about 0.5° for targets lying
within »10 cm of the midline. Motor error necessarilyFig. 4. Experiment 2: precision for pointing and vision for a target duration of 110 ms, plotted as a function of initial target eccentricity for three observers
with standard error bars (symbols sometimes larger than error bars).
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on a given location and the errors in the guidance system
that, based on proprioceptive and visual feedback, keeps
the hand on the planned trajectory.
3.3. Pointing when the target remains visible
In experiments 1 and 2, the target was presented for
110 ms. Since the time for a rapid point was of the order of
»450 ms, this meant that the target had disappeared by the
time the Wnger touched the screen. Previous studies have
shown that people can use visual information online to cor-
rect a trajectory (Saunders & Knill, 2003, 2004; Sober &
Sabes, 2003). It has also been suggested that in the Wnal
stages of a reach, corrections towards the target occur
(McIntyre et al., 1998). To explore McIntyre’s hypothesis of
a late correction, in experiment 3, we presented the target
until the observer’s Wnger touched the screen or until the
observer signaled their visual judgment. Fig. 6 shows the
results of experiment 3.foveation, visual precision again decreased with increasing
target eccentricity. Generally, pointing precision also
decreased with increasing target eccentricity. For each
observer, analyzed separately, the two-way repeated mea-
sures ANOVA showed that there was a signiWcant main
eVect of target eccentricity (p < .05) and a signiWcant inter-
action between target eccentricity and target modality
(p < .05). For two of the three observers, there was a signiW-
cant main eVect of target modality (p < .05). Pointing preci-
sion at 12° is now worse by a factor of 1.5 compared to
pointing precision at 2°.
In experiment 1, the hand was continuously visible, but
the target disappeared after 110 ms. When the target
remains visible until the Wnger touches the screen
(»450 ms), however, the observer has time to foveate both
the target and the rapidly approaching Wnger. Our results
indicate that two out of three observers still show an eVect
of eccentricity, despite the opportunity to look directly at
the target.Fig. 5. Comparison of pointing (top row) and visual (bottom row) thresholds for 1 and 8 positions, for a target duration of 110 ms with standard error
bars (symbols sometimes larger than error bars).
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pointing precision shows that, for one observer (S3), hand
precision is better than visual precision (Fig. 6). This para-
doxical result occurs because the observer has access to a
new source of visual information as the Wnger comes close
to the screen—namely the relative location of Wngertip and
target. Whether this information about the relative location
of Wnger and target can be used to correct the trajectory
depends on when, during the pointing movement, the
observer recognizes that she will miss the target. Consider
the judgment that the observer is making. If the observer
can see that the Wngertip is going to miss the target, then she
can attempt to correct the landing position of the Wnger.
Observer S3 could make this correction, showing little eVect
of initial target eccentricity. We retested this observer
encouraging her to move more quickly by giving negative
feedback at 400 ms rather than 500 ms (all points were still
used for analysis). She now showed a steeper decrease of
pointing precision with an increase in target eccentricity
(observer S3, Fig. 6). The capacity to correct a pointing tra-
jectory depends on whether, when the error is recognized,
there is adequate time left for a correction.
Visual precision decreases with increasing eccentricity in
both tasks. As can be seen from Fig. 7, the thresholds from
each experiment are very similar. Our post hoc compari-
sons showed no signiWcant diVerences between measures
taken in experiments 2 and 3 for any observer, at any eccen-
tricity, conWrming the results evident in the graphs below.
It is surprising that the visual thresholds were identical
for both short and long target durations, since the observer
had time to foveate the isolated target before making the
visual judgment at the longer duration. This unexpected
Wnding leads to the counterintuitive conclusion that look-
ing at something does not necessarily help you localize its
position in space. We are investigating this eVect in a sepa-
rate study.
Most hyperacuity judgments improve substantially if the
observer is given time to foveate the test locations. For
example, in width judgments, the observer is shown two
pairs of lines, one reference pair separated by a small Wxed
distance e.g. 10 arc min, and the other test pair separated by
this distance plus or minus a small increment e.g. 10 arc
min § 0.5 min. When the test and reference targets are pre-
sented at isoeccentric locations, e.g. 5° on either side of thefovea, for a duration too brief to permit eye movements,
thresholds increase substantially with increasing target
eccentricity (McKee et al., 1990). We anticipate that if the
observer were given unlimited time to make a width judg-
ment, she would look back and forth between the test and
reference widths, foveating them sequentially, to improve
her sensitivity.
Why does not foveation improve the thresholds for
judging the location of the isolated dot? Levi and Klein
have argued that localization is primarily accomplished
through the reading out of local signs (Levi & Klein, 1990;
Levi et al., 1988; White et al., 1992). We required the
observer to judge the location of one isolated dot with
respect to an implicit set of Wve test locations, so the only
useful information are the local signs corresponding to the
Wve locations at the test eccentricity. Looking at the target
only tells the observer that the target is now in the fovea.
Foveating the target tells the observer what she is looking
at, but not where it is with respect to the other members of
the test set.
What is the relevance of these visual measurements to
hand precision? The hands are undoubtedly guided by the
location (‘where’) information, rather than by the details of
the target. Rapid pointing to a narrowly-spaced pair of
lines, presented brieXy, would not be much aVected by small
changes in the separation between the pair. In our data, the
precision of pointing is improved for the larger eccentrici-
ties in the long target duration conditions (Fig. 6) com-
pared to the short target duration conditions (Fig. 4). As we
discussed above, the observer is probably correcting the
point during the trajectory. In experiment 3, where the tar-
get remains on for a longer duration, pointing therefore
improves while visual thresholds show no improvement
with an increase in duration.
4. Discussion
Our results demonstrate that the visual information
available during the planning phase of the movement can
signiWcantly inXuence pointing precision, even over as small
a lateral extent as §8 cm from the midline. According to
previous studies, visual localization thresholds should
increase with target eccentricity, following Weber’s law
while motor precision should remain relatively constantFig. 7. Precision for vision with eight locations replotted from experiments 2 (target duration of 110 ms) and 3 (target duration >200 ms), as a function of
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that precision was generally constant across large lateral
extents (40 cm) if the observer were allowed to make a sac-
cade to the target and view their hand and the target before
making an open loop rapid point (Prablanc et al., 1979a,
1979b). For the Prablanc studies, the location of the target
was well speciWed on each trial. Indeed, our Wrst experiment
conWrmed these Wndings for targets presented at a single
known location.
Many studies in the pointing literature, however, present
targets in highly uncertain locations and without references
(e.g. Kording & Wolpert, 2004; Saunders & Knill, 2004;
Sheth & Shimojo, 2004). In our last two experiments, the
target for both the visual and pointing tasks was presented
at random at one of eight isoeccentric locations. Under
these conditions of high uncertainty, visual thresholds rose
with increasing eccentricity with a slope of 0.08–0.1, which
is 2–3 times visual localization thresholds for targets pre-
sented at a single eccentric locus. Pointing error also rose
with increasing eccentricity—a solid indication that visual
error was dominating motor performance in these uncer-
tain conditions. Indeed, in our second experiment, pointing
and visual thresholds were identical beyond 4° eccentricity
for brieXy presented targets.
An increase in the target duration led to an improvement
in pointing precision, supporting McIntyre and colleagues’
speculation that visual feedback late in a pointing move-
ment allows a correction of the endpoint (McIntyre,
Stratta, & Lacquaniti, 1997, 1998). In the long target dura-
tion conditions, once the hand nears the target, the observer
can use the relative locations of Wngertip and target to alter
the pointing trajectory. Nevertheless, our pointing thresh-
olds still rose with target eccentricity in the long duration
condition, indicating that the precision of the initial visual
information was still inXuencing motor precision. Since the
target was visible until the Wnger reached the screen, and
the observer had time to foveate the target during the
movement, why should the initial target eccentricity have
any eVect on performance?
The visual information during the early part of the rapid
pointing trajectory (»450 ms) cannot be much better than
the visual information at the time the movement is initiated.
The observer can only obtain a good estimate of whether
the Wngertip will miss the target when the Wnger is within a
few cm of the screen, allowing perhaps 150–200 ms to make
the correction. Saunders and Knill (2004) found that the
latency in response to a visual perturbation was about
110 ms. So it is possible, that on some trials the observer
would have time to use the improved (but not perfect)
information about target location to reduce the pointing
error. Making a saccade to a target can improve accuracy
for very peripheral targets (e.g. Prablanc et al., 1979a,
1979b), even when the target has been extinguished, sug-
gesting a role for a corollary discharge in the updating of a
manual plan. Our results show an improvement in perfor-
mance when observers have time to use feedback from an
improved visual sample. Since there was no signiWcantdiVerence between the visual localization thresholds in the
short and long target durations, it is likely that the
improvement is a result of the visual feedback from the
hand position relative to the target location and perhaps
the corollary discharge related to the execution of the sac-
cade towards the target. However, the information gath-
ered from this saccade is not perfect—there is still a
signiWcant eVect of initial target eccentricity.
Harris and Wolpert (1998) have argued that the same
noise is associated with signals for oculomotor movements
as for other movements, indicating that there may be a
common source of motor noise. Other studies have shown
that the precision of oculomotor movements is virtually
identical to the precision of visual judgments for the same
stimuli, indicating that oculomotor precision is limited by
visual error (Kowler & Blaser, 1995; Kowler & McKee,
1987; Miller, 1980; Watamaniuk & Heinen, 1999, 2003).
Our data show that under some circumstances, the preci-
sion of rapid pointing movements can also be limited by
visual error.
5. Conclusion
The precision of hand movements can be signiWcantly
aVected by visual precision, even over a very short distance
near the body’s midline. These Wndings broadly agree with
models in the literature that argue for a weighted combina-
tion of sensory information in order to build a probability
function for position estimates during a movement. Our
Wndings have implications for current models of motor
control—it is necessary to take into account the nature of
the task in order to have appropriate estimates of visual
and motor noise.
There is evidence that reach plans are coded in retinal
co-ordinates, rather than arm-centered co-ordinates
(Batista, Buneo, Snyder, & Andersen, 1999), an eYcient
strategy if the same information is used for vision and for
action. The coding of reach plans is an issue that has been
debated at length. While it is generally agreed that reaches
are planned in gaze-centered rather than reach-centered co-
ordinates, some groups have argued that information about
eye and head position relative to the body is also used to
code a vector for a reach (see Crawford, Medendorp, &
Marotta, 2004 for a review). In our experiment, head and
body position remained Wxed throughout the task.
We have demonstrated that for a target brieXy presented
at an unknown location, visual error is statistically identical
to hand error for eccentricities greater than 4°. Evidently,
motor precision can depend signiWcantly on visual preci-
sion.
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